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Measurement of the radiative lifetime of the 1s2s 5& level in heliumlike magnesium
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We apply a recently developed electron-beam ion trap technique to measure the lifetime of the 1s2s S&

level in heliumlike magnesium. The technique employs a fast-switching electron beam to produce and excite
electrostatically trapped ions. The radiative lifetime is determined by observing the fluorescent decay of the

1s2s S& level after the beam energy is switched below the threshold for electron-impact excitation. A value

of 13.61~0.49 p, s has been measured for the 1s2s Sl level in heliumlike magnesium, in good agreement

with theoretical predictions.

PACS number(s): 32.70.Fw, 34.80.Kw, 95.30.Ky

Experimental measurements of the radiative lifetime of
excited levels in heliumlike ions have provided important
tests of theoretical atomic calculations. These tests include
relativistic effects [1], two-photon decay [2], and the hyper-
fine interaction [3,4]. In addition, precise knowledge of the

decay rate is important in the study of astrophysical and

laboratory plasmas [5]. The ls2s S, level was originally
predicted to decay primarily through two-photon emission

[6]. However, in spectral observations from the sun it was

subsequently shown that a significant magnetic-dipole (Ml)
branch exists for the decay of the 1s2s Si level [7,8]. The
lifetime of the 1s2s S& level in He-like ions has been under
intense investigation ever since its identification in the solar
spectrum. Accelerator beam-foil methods and photon-
fluorescence techniques have been very successful in mea-

suring radiative lifetimes in He-like ions for Z(3 [9,10] (for
which r) 58.6 sec) and Z)16 [11—17] (for which r(706
ns). However, the two methods have left a large gap for
radiative lifetimes in multiply charged ions in an eight order-

of-magnitude range which are too energetic for photoexcita-
tion by flash tubes or lasers and are too slow to be measured
with beam-foil techniques. This gap has been closed by the
recent development of two experimental techniques. Storage
rings have been used to measure the radiative lifetime of the
1s2s S& level in C + and N + for which v.=20.60 ms and
v= 3.905 ms, respectively [18].Moreover, an electron-beam
ion trap (EBIT) has been used to measure the 1s2s Si life-
time in Ne + for which r=90.6 p, s [19].The latter technique
can be used in principle to measure any 1s2s S& lifetime in
the region 10 s(~(10 s. In the following we used the
EBIT technique to measure the 13.6-p, s lifetime of the
1s2s S& level in Mg' +.

In the recently developed EBIT technique the radiative
lifetime for the 1s2s S& level in He-like Mg' + is measured
using high-resolution x-ray spectroscopy of stationary elec-
trostatically trapped ions. Production and excitation of He-
like Mg' + occurs via impact with a monoenergetic electron
beam. The electron-beam energy is fast switched between
1895 and 1200 eV, above and below the 1331-eV threshold
for excitation of the S& level. The radiative lifetime is then
determined by observing the temporal decay of the photon
signal after the beam is switched below threshold.

The photon signal is analyzed using a vacuum flat-crystal
spectrometer (FCS) in an arrangement shown in Fig. 1. The
spectrometer employs a thallium-hydrogen-phthalate crystal
(2d = 25.9A) and a position-sensitive proportional counter. A
description of the spectrometer is given in Ref. [20].With the
FCS we recorded the spectrum of the Mg' +n=2 to n= 1

transitions shown in Fig. 2. The electron-beam energy is at
1895 eV, i.e., above threshold for excitation of the S& level.
This spectrum includes the resonance line w (ls2p 'Pi
~ 1 s 'So), the intercombination blend of x and y
(1s2p Pz, ~1s 'So), the forbidden line z (1s2s Si~ 1 s 'So), and the lithiumlike resonance line q
(1s2s2p P&/2~1s 2s S»2). The wxyz notation is that of
Gabriel [21]. The xy blend is dominated by y since the

P2 level has only a 7% branching ratio for decay via x. The
spectrum also shows a weak background line labeled B,
which has not been identified. We believe that this line is due
to ions indigenous to EBIT, such as barium, lanthanum, or
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FIG. 1. Schematic layout of the vacuum fiat-crystal spectrom-
eter (FCS). The electron beam is directed out of the page. The
crystal and position sensitive proportional counter rotate about a
common pivot point. The spectrometer is attached to one of EBIT's
six observation points, and uses a 1-p,m-thick polyimide window to
separate its vacuum from that of EBIT.
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FIG. 2. K-shell spectrum of He-like Mg (FCS) includes the
resonance line ~, the blend of intercombination lines x and y, the
forbidden line z, and the lithiumlike resonance line q. The line
labeled B is produced by ions indigenous to EBIT.

tungsten. These elements are constantly introduced into
EBIT from the filament of the electron gun. Line B was the
only background line in the region of interest.

An event-mode data-acquisition system recorded the
spectrum as a function of time with a resolution of 0.58
p, s. A high-precision function generator provides timing for
the fast-switching electron beam. The electron-beam energy
as a function of time is shown in Fig. 3. Starting at 1895 eV
we fast switch the electron-beam energy to 1200 eV. The
shape of the beam-energy trace represents a compromise be-
tween the necessity for a fast pass through the electron-
impact excitation threshold of z and the slew rate of the
power supply. A slew rate of about 10 eV/p, s at the point
where the beam energy passes below the excitation threshold
of z is achieved with the trace shown. Because of the 40—
50-eV spread in energy of the beam electrons t22], it takes
about 4 —5 p, s for the beam energy to sweep below a given
threshold. An overshoot causes a brief dip of the energy into
the range of the KLM resonances. The pattern repeats every
200 p, s.
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FIG. 3. Electron-beam energy as a function of time. Note the dip
of electron beam energy into the KLM dielectronic recombination
resonance.

FIG. 4. Combined intensity as a function of time of xy and z
recorded by the FCS. The electron beam energy falls below the
threshold for electron-impact excitation of z near t = 33 ps (cf. Fig.
2). The dotted line is a fit to an exponential term plus a constant
background. In this fit the counts contributed by dielectronic recom-
bination (DR) are excluded. Counts contributed by DR to the net
photon signal are seen as a "bump" over the fit in region (58 ps
«t ~75 ps). A plot of the reduced residuals of the fit is shown as an
inset.

As the beam energy sweeps below threshold for excita-
tion, the emission from ~ and q cease essentially instanta-
neously. It is replaced by emission from satellite lines caused
by dielectronic capture into the high-lying 1 s2pnh or
1s2s2pnl with n~4, whose energies are virtually the same
as that of w or q [23,24]. By contrast, the emission from z
and, as discussed below, from xy persists over an extended
period of time and falls off exponentially. The exponential
behavior of the temporal decay as the electron-beam energy
falls below threshold for electron-impact excitation of z is
evident. The temporal behavior of the combined intensity of
xy and z measured with the FCS is shown in Fig. 4. Dielec-
tronic recombination (DR) into n=3 (KLM) levels occurs
when the electron-beam energy dips into the KLM resonance
energy. During this time the observed emission of z is en-
hanced by photons produced by DR representing the n = 3
satellites of q that blend with z and cannot be resolved by the
FCS. A corresponding enhancement can be seen in the tem-
poral decay curve (cf. Fig. 4). By contrast, the intensity of
the background signal to either side of the region of interest
did not show any temporal variation. The intensity of line B
remained constant during this time.

Collisional transfer of an electron from the 1s2s 51 level
to the 1s2p P210 levels occurs at the electron densities of
the present measurement ((10' cm ) and must be consid-
ered. The P2 and P0 levels decay back to the 5& level,
but the P1 level decays to ground via y photon emission.
The collisional transfer is evident in Fig. 5 which shows a
spectrum of the observed emission when the beam energy is
lowered below the z excitation threshold. A small feature at
the position of xy produced by collisional transfer from the
3

S& level can be seen. The figure also shows satellites at the
position of ~ and q produced by DR resonance's with
n ~4.

Collisional transfer reduces the overall lifetime of the
St level. Following the procedure discussed in [19]effects
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TABLE I. Experimental results for radiative lifetime measure-
ment of the 1s2s S& level in heliumlike magnesium.

Quantity Measurement

100—

50—

DR satellites
ofq

DR satellites
of w

Fit results

Fit results

Resulting increase
7decay

decay

Systematic errors (p, s)

11.74~ 0.31 (p, s)

0.16~0.02
1.87~ 0.24 (p, s)
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FIG. 5. Below threshold spectra of He-like Mg as seen by the
FCS. Note how only xy and z remain when the beam energy is
lowered below z's excitation threshold. In addition, satellite lines at
the position of w and q are seen, which are produced by DR reso-
nance's with n~4. The line labeled B is produced by ions indig-
enous to EBIT (cf. Fig. 2).

of this collisional redistribution can be accounted for pro-
vided the relative intensity of y excited by the transfer is
measured. Using the fact that the radiative lifetime of x
(0.094 p, s) and y (2.94X 10 p, s) [25] are short compared
to that of z and that collisional redistribution from the Si
level to any other levels that might decay to ground is insig-
nificant we obtain

I( t) =A e "'«~»+ B, (2)

i.e., an exponential term plus a constant background. The
point at which the excitation of ~ ceases is taken as t=to.
This point is determined by performing a linear fit to the
"Oat-top" of the decay curve. The Hat top region is defined
as counts(t) for t,„(t(tp with t,„being the point where at
which the excitation of ~ begins. Since the energy distribu-

where I ~ and I, are line intensities during decay when the
beam energy is lowered below threshold and 7d„,y is the
decay constant of the combined intensity curve which is a
sum of the decay curves for xy and z. In other words, the
radiative lifetime v; of z is equal to the decay constant of the
combined intensity curve multiplied by a correction factor
arising from the collisional redistribution of the Pi level to

P&. The intensity ratio I y /Iz was obtained using the num-
ber of counts in the xy and z lines given by a least-squares
line-fitting procedure when the electron-beam energy is low-
ered below the threshold for excitation of z (cf. Fig. 5). The
ratio was determined in several spectra recorded at different
times after the beam energy is lowered below threshold. This
enabled us to assess possible contributions from satellites
with n~4. The average value found is I»/I, =0.16~0.02.

To determine ~d„,y a nonlinear least-squares method is
used to fit the decay curve shown in Fig. 4. For the fit we use
a function of the form

Timing error

n, profile

Line polarization

Ion loss

Blending of n=3
satellites of q

0.27
0.03
0.09
0.01
0.05

Final value 13.61~0.49 (p, s)

tion of the beam electrons is a Gaussian (40—50-eV energy
spread), w can contribute a small number of counts to the
decay curve for a short time (4—5 p, s) after the beam is
switched below threshold. We can eliminate any contribution
from w by choosing to to be the first point on the decay
curve that differs from the linear fit by a 5% tolerance. The
exponential term plus constant background is calculated two
ways, including and excluding the times when the ELM di-
electronic satellites of q contribute counts (cf. Fig. 4). The
small error in the estimate of 7d„,y due to satellite contribu-
tions is determined from the difference in the results ob-
tained from the two fits. Reduced residuals for the fit are
shown as an inset to Fig. 4. The reduced residual (R„„d) is
defined as the actual number of counts at time t minus the
value of the fit to decay curve at time t divided by the square
root of the value of the fit (i.e., R„„d=[N(t) I(t)]I—
[I(t)]"). A value of 11.79~0.31 p, s is found for r decay
when including and 11.74~ 0.31 p, s is found when excluding
the time of the satellite contributions. For the calculation of
r, we use the latter value.

Several sources of systematic errors affecting our mea-
surement exist. These include the effects of the variation of
electron bean density with radius (n, profile), the loss of

S& states due to recombination or ion loss from the trap
region, uncertainties in timing, and polarization effects. An
overview of the estimated errors are given in Table I. Cor-
rections for such effects have been calculated previously for
He-like Ne + [19]and were found to be small. We make no
such corrections for our data. For example, the error intro-
duced by not accounting for polarization effects is estimated
to be less than 0.09 p, s and that due to variations in n, profile
is less than 0.03 p, s.

Finally, the maximum electron energy in our measure-
ments is sufficient to excite high-n Rydberg levels. Conse-
quently, cascade contributions from these levels to the S&

level are of concern. We calculated electron-impact excita-
tion cross sections, radiative decay rates and channels of
such levels and find that for n~4 only levels of the type 1s
np make significant contributions to the population of the

Si level. Their decay rates are many orders of magnitude
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larger than that of the S& level. For cascades from the n = 5
shell, for example, the rates are 9.0X 10' s ', or six orders
of magnitude faster than the radiative decay rates for the

S& level. Corrections for slow radiative cascade contribu-
tions from high-n levels are thus not necessary.

The final value of ~, is summarized in Table I. Its uncer-
tainty is determined from quadrature addition of the statisti-
cal and systematic errors listed in Table I. The final result of
13.61 p, s~0.49 p, s is in good agreement with the 13.80-p,s

value calculated by Drake [26] and the 13.64-p, s value cal-
culated by Lin, Johnson, and Dalgarno [25].
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